High peak-to-average power ratio (PAPR) of the transmit signal is a major drawback of orthogonal frequency division multiplexing (OFDM). Selected mapping (SLM) technique is an efficient PAPR reduction technique for OFDM. In the SLM technique, many data blocks are generated from an OFDM data block using a set of phase sequences, and then the one with the lowest PAPR is chosen and transmitted. In this paper, an SLM technique with magnitude extension is proposed. In the proposed SLM technique, it is not needed to transmit side information from transmitter to receiver. The proposed technique achieves significant reduction in PAPR with only a small increase in transmit signal power.
Introduction
Recently, orthogonal frequency division multiplexing (OFDM) has been receiving considerable attention for highspeed wireless communications over frequency-selective fading channels because of its immunity to frequencyselective fading and impulse noise [1] . Although OFDM has many advantages, high peak-to-average power ratio (PAPR) of the transmit signal is a major drawback of OFDM. Recently, multiple signal representation techniques, such as partial transmit sequence technique [2] , selected mapping (SLM) technique [3] , and interleaving technique [4] , are proposed to reduce PAPR of an OFDM signal. For a brief overview of various PAPR reduction techniques including these, see [5] . Among them, the SLM technique receives much attention due to its excellent PAPR reduction capability and relatively low computational complexity. The SLM technique improves PAPR statistic of an OFDM signal significantly, but it requires transmission of the side information to recover original data block from the received signal. Furthermore, errors in the side information may destroy the whole OFDM data block, resulting in a bit error rate (BER) degradation. In this paper, we propose an SLM technique with magnitude extension which does not require the transmission of side information. It is shown that the proposed technique achieves significant reduction in PAPR with only a small increase in transmit signal power.
System Model
Consider an OFDM system with N subcarriers where an M-ary quadrature amplitude modulation (QAM) with minimum distance 2d is used. A data symbol, X n ,
T modulates the n-th subcarrier f n where f n = n∆ f , n = 0, 1, · · · , N − 1. We set the frequency separation ∆ f = 1/NT where T is the duration of a data symbol. Assume the real and imaginary parts of each data symbol can take a value among
X n e j2π f n t , 0 ≤ t < NT.
The PAPR of the OFDM signal x(t) is defined as
In principle, PAPR reduction techniques are concerned with reducing max |x(t)|. However, since it is difficult to calculate PAPR of continuous OFDM signal, the magnitude of samples of x(t) is dealt with in many of the PAPR reduction techniques [6] . Since symbol-spaced sampling of (1) sometimes misses some of the signal peaks and results in optimistic results for the PAPR, signal samples are obtained by oversampling (1) to approximate the true PAPR better. Oversampled time-domain signal samples are obtained by doing LN-point inverse discrete Fourier transform (IDFT) of data block with (L − 1)N zero-padding [6] , which is expressed as
The PAPR of L-times oversampled time-domain samples is represented as
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It was shown in [7] that L = 4 is sufficient to capture the peaks. Figure 1 shows the block diagram of the conventional SLM technique with U phase sequences. To construct U modified OFDM data blocks, an OFDM data block X is multiplied componentwise by each of the U different, distinct, pseudo-random, but fixed phase sequences. The u-th phase sequence is given by
Novel SLM Technique

Conventional SLM Technique
where
The u-th modified OFDM data blocks is obtained as
is obtained from the IDFT of X (u) . The OFDM signal x (ũ) which has the minimum PAPR among the x (u) , u = 1, 2, · · · , U, is selected for transmission. The information on the selected phase sequence is transmitted to the receiver as side information.
SLM Technique with Magnitude Extension
In the conventional SLM technique described above, the receiver should know which phase sequence is used at the transmitter. Hence, a portion of bandwidth must be allocated for the transmission of the side information. In this paper, we propose a SLM technique with magnitude extension at the transmitter and a blind phase sequence estimation at the receiver. The phase sequence for this technique is given by
where k
, is the exponent for the n-th component of P (u) and D is a real Fig. 1 Block diagram of the conventional SLM technique.
number which is larger than 1. The u-th phase sequence P (u) can be mapped onto a unique vector of the exponents
For convenience, the components multiplied by −D are referred to modified components and the components multiplied by 1 are referred to unmodified components. The modified component X n is given by Figure 2 shows the constellation of original and modified 16-QAM signals where d x denotes the minimum distance between the original signal points and the modified signal points. The value of D should be determined in a way as not to increase the BER at the receiver. That is, d x should be larger than the minimum distance of the original constellation points 2d. Considering the minimum distance among the original M-QAM constellation points, the value of D should satisfy D={( Figure 3 shows the block diagram of the receiver for the proposed SLM technique. In Fig. 3 , the phase sequencê P is blindly estimated from the received OFDM data block Y. Blind phase sequence estimation with low complexity can be done according to the flow chart shown in Fig. 4 . The blind phase sequence estimator makes an estimate for the vector of the exponents k from the received OFDM data block Y. The threshold for the estimate is obtained as 
The estimate for the n-th component of k, k n , is given by n · k n | is computed for each exponent vector k (u) , u = 1, 2, · · · , U, and we decide that the exponent vector with the maximum metrick is the estimate for the exponent vector used at the transmitter. The phase sequencê
T can be easily recovered fromk. Finally, Y is divided componentwise byP to obtain the estimate for the original OFDM data blockX. The proposed SLM technique is summarized as follows:
At the transmitter 
T is obtained as,
T is divided componentwise by the estimate for the phase sequenceP, producing the estimate for original OFDM data blockX
Because the increase of D results in the increase of transmit signal power, the value of D should be chosen carefully. The number of modified components in an OFDM data block is constrained to be smaller than S max to limit the increase of transmit signal power.
Numerical Results and Discussions
Consider an OFDM system with 512 subcarriers (N = 512) and 16QAM over a Rayleigh fading channel. As performance measures, we use complementary cumulative density function (CCDF) of PAPR and symbol error rate (SER) at the receiver. In the figures, 'U = α, d x = β, S max = γ' denotes the proposed SLM technique where the number of phase sequences U is α, the magnitude extension factor d x is β, and the maximum number of modified subcarriers S max is γ. Figure 5 shows the CCDF of PAPR of the proposed SLM technique. It is shown that the OFDM signal without PAPR reduction technique has a PAPR which exceeds 11.7 dB for less than 0.1% of the blocks. The 0.1% of PAPRs of the proposed SLM technique are 9.9 dB, 9.4 dB, 9.1 dB, and 8.9 dB when the values of S max are 2, 4, 6, and 8, respectively. Therefore, the 0.1% PAPR of the proposed SLM technique is reduced up to 2.8 dB from that of the OFDM data block without PAPR reduction technique. It is also shown that there is 0.7 dB gap between the 0.1% PAPR of the proposed SLM technique and that of the conventional SLM technique. Figure 6 shows the SER of the proposed SLM technique. Assume that the bandwidth of each subcarrier is 20 kHz, rms-delay spread is 4 µsec, and the receiver has perfect channel estimates. The soft limiter model is used for modeling the nonlinearity of power amplifier. Clipping level of the power amplifier, ClipLevel, is defined as 10 log 10 A 2 /σ 2 x where A is saturation level and σ 2 x is the average power of input signal of the soft limiter. It is shown that the SER of OFDM signal without PAPR reduction technique is not improved much although the SNR increases. However, the SER of the proposed SLM technique is similar to that of the OFDM signal with linear power amplifier when d x is sufficiently large, i.e. d x = 2d. Note that there is a SER degradation when d x = √ 2d because the original signal points and the modified signal points are too close. The drawback of the proposed SLM technique is that the average power of the transmit sequence is increased. But the amount of power increase is not significant. For example, it is about 0.2 dB for N = 512, U = 64, S max = 8 with 16-QAM. Therefore there is no noticeable difference between the SER performance of the proposed technique with d x = 2d and that of the linear PA case in Fig. 6 .
Conclusions
In this paper, an SLM technique with magnitude extension and blind phase sequence estimation for this technique are proposed for the PAPR reduction of an OFDM signal. In the proposed SLM technique, it is not needed to transmit side information from transmitter to receiver. It is shown that the proposed technique achieves significant reduction in PAPR with only a small increase in transmit signal power.
